1. Introduction {#sec1}
===============

The exponential growth of the aging population makes neurodegenerative disease, including Alzheimer\'s disease (AD) and Parkinson\'s disease, one of the major threats to human health care [@bib1]. Because the main pathogenesis of neurodegenerative disease is neuron death or deactivation in the brain, a promising therapeutic strategy for the ultimately curing neurodegenerative diseases is neuron regeneration [@bib2] by transplanting neurons differentiated from neural stem cells (NSCs) *in vitro* or, even better, promoting the neurogenic regeneration of NSCs *in situ* through proliferation and differentiation of NSCs into functional neurons [@bib3]. However, under normal conditions, NSCs have limited self-renewal and differentiation abilities [@bib4] that normally require growth factor (GF) induction. However, the large amount of GFs required to induce NSCs proliferation and differentiation *in vitro* may be a carcinogenic risk *in vivo* after transplantation [@bib5]. Active ingredients extracted from natural medicines, especially small bioactive molecules that freely across the blood--brain barrier (BBB), have recently received wide attention as modifiers used to promote the proliferation and neural differentiation of NSCs.

20(S)-protopanaxadiol (PPD), a derivative of ginsenosides, is one of the active ingredients in ginseng widely used in clinical practice in the treatment of AD. Recently, many studies found that ginsenosides can induce neuronal differentiation in NSCs [@bib6], but passage of large molecules through the BBB to reach the site of the pathological changes associated with AD is difficult. PPD has been shown to penetrate the BBB [@bib7], making it a potential ideal treatment for AD; however, the effect of PPD on NSC proliferation and differentiation and its mechanism of action are incompletely understood.

The Wnt/glycogen synthase kinase (GSK)-3β/β-catenin signaling pathway is found to play a critical role in controlling NSC proliferation and differentiation [@bib8]. β-Catenin is a key regulatory enzyme that is generally phosphorylated and can be degraded by GSK-3β. Hence, GSK-3β is a crucial enzyme in the negative regulation of the Wnt/GSK-3β/β-catenin signaling pathway and can be negatively regulated through phosphorylation at Ser9 [@bib9]. Inactivation of GSK-3β can promote neural differentiation of NSCs [@bib10], indicating that GSK-3β inactivation is an ideal target for NSC induction.

This study investigated the effect of PPD on induction of primary cultured NSCs. The NSC proliferation was monitored using Cell Counting Kit-8 (CCK-8) assay, 5-ethynyl-2′-deoxyuridine (EdU) assay, and neurosphere assay; migration was monitored using the neurosphere method; and differentiation was analyzed by detecting specific neural markers. The Wnt/GSK-3β/β-catenin pathway was studied to investigate the possible mechanism of the effects of PPD using gene-silencing technology. We found that PPD shows the potential to improve the proliferation and neural differentiation of NSCs through stimulating the Wnt/GSK-3β/β-catenin pathway through suppressing the activation of GSK-3β.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

PPD was obtained from Chengdu Must Bio-Technology Co., Ltd (Chengdu, China), and the purity is 98.59% assayed by high-performance liquid chromatography (HPLC). Epidermal GF and basic fibroblast GF were obtained from PeproTech (Rocky Hill, NJ, USA). Hank\'s balanced salt solution, penicillin--streptomycin--neomycin, B27 supplement, and phosphate buffer solution (PBS) were purchased form Thermo Fisher Scientific (Waltham, MA, USA). CCK-8 was purchased from Dojindo Molecular Technologies (Rockville, MD, USA.). A Cell-Light^TM^ EdU apollo643 *in vitro* kit was purchased from RiboBio (Guangzhou, China). Antinestin antibody, anti--microtubule-associated protein 2 (MAP2) antibody, and anti--glial fibrillary acidic protein (GFAP) antibody were obtained from EMD Millipore Corporation (Temecula, CA, USA). Anti--p-GSK-3β(Ser9) antibody, anti--GSK-3β antibody, anti--non-p-β-catenin (active) antibody, and anti--β-catenin antibody were purchased from Cell Signaling Technology (Beverly, MA, USA). Poly-D-lysine, anti--β-actin antibody, and horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Primary cell culture of NSCs {#sec2.2}
---------------------------------

The experimental method previously described [@bib11] was approved by the Department of Health, the Government of the Hong Kong Special Administrative Region, and researched in consonant with relevant guidelines and requirements of the Animal Ethics Committee at Hong Kong Baptist University. The NSCs were primary cultured from postnatal Day 1 to Day 2 rats (Sprague Dawley) obtained from the Chinese University of Hong Kong. Briefly, the subventricular zone (SVZ) with the thickness of around 200 μm was rapidly removed from the brain, immersed in cold HBSS, manually cut into pieces, digested with trypsin, and maintained at 37°C. After 15 min, the suspension was then filtered through a 40-μm-pore cell strainer, and the filtrate was transferred into a sterile centrifugal tube and centrifuged (1,000 rpm, 5 min) subsequently. The cells at the bottom were resuspended in a neurobasal medium with 20 ng/mL epidermal GF, 20 ng/mL basic fibroblast GF, 2% B27 supplement, and 1% penicillin--streptomycin--neomycin and cultured at 37°C incubator with 5% CO~2~ and 100% humidity. A half volume of the medium was replaced every 2--3 days. Mechanical passaging was performed when the size of neurospheres was around 150--200 μm in diameter.

2.3. Cell migration analysis {#sec2.3}
----------------------------

Neurospheres, with the diameter of approximately 200 μm, were seeded onto coverslips coated by poly-D-lysine for 30 min to allow attachment of neurospheres. The neurospheres were then incubated with a variety of concentrations of PPD (10 μM, 20 μM, 40 μM). After 24 h of incubation, the distance of NSCs migrated out of neurospheres was calculated and compared using ImageJ. Immunostaining for nestin (NSC marker) [@bib12] and MAP2 (neuron marker) [@bib13] were also performed as described in the following section.

2.4. Neurosphere assay {#sec2.4}
----------------------

Single NSC, dissociated from neurospheres, were seeded into a 96-well plate with 5 × 10^3^ cells/well and various concentrations of PPD (10 μM, 20 μM, 40 μM) without GFs. Images were acquired on day 3 to compare the number and diameter of neurospheres, counting only those with a diameter over 30 μm [@bib14], by ImageJ software.

2.5. CCK-8 assay {#sec2.5}
----------------

Single NSC, dissociated from neurospheres, were seeded into 96-well plates with 5 × 10^3^ cells/well and various concentrations of PPD (10 μM, 20 μM, 40 μM) was added 1 day, 2 days, and 3 days, respectively. CCK-8 assay was used complying with the manufacturer\'s instructions. After incubation for another 4 h, the absorbance was measured by an automatic microplate reader at 450 nm wavelength (ELx800; BioTek, Winooski, VT, United States).

2.6. EdU assay {#sec2.6}
--------------

EdU assay was performed as per manufacturer\'s instructions of Cell-Light^TM^ EdU apollo643 *in vitro* kit and the reference [@bib15]. Single NSC was induced with various concentrations of PPD (10 μM, 20 μM, 40 μM) for 3 days, and EdU (50 μM) was added for 12 h before the end of the culture to label proliferating cells, then fixed by 4% paraformaldehyde (Sigma-Aldrich) for 30 min. Apollo reaction cocktail was added for 30 min, and Hoechst 33342 was used for DNA staining. The analysis of NSC proliferation, represented as the ration of EdU^+^ to all cells, was performed using randomly selected images obtained by the fluorescence microscope.

2.7. Induction of cell differentiation {#sec2.7}
--------------------------------------

Single NSC was seeded at 2 × 10^5^ cells/well on poly-D-lysine--coated 6-well plate. PPD at various concentrations (10 μM, 20 μM, 40 μM) was added to the culture medium and cultured for 7 days. The differentiation of NSC was indicated by detecting the level of protein markers, including nestin, MAP2, and GFAP (astrocyte marker) [@bib13], monitored by immunofluorescent staining and Western blot after 7 days of treatment.

2.8. Immunofluorescent staining {#sec2.8}
-------------------------------

Cells were rinsed twice in PBS and fixed with 4% paraformaldehyde at room temperature for 30 min. The primary antibodies in PBS containing 2% normal goat serum (Vector Laboratories, Burlingame, CA, USA) and 0.1% Triton X-100 (Sigma-Aldrich) was applied overnight at 4°C, followed by rinsing with PBS. Then, specific secondary antibody solutions in PBS was applied for another 3 h at room temperature, followed by rinsing with PBS. 4′,6-diamidino-2-phenylindole (DAPI) (1 μg/ml; Roche, Switzerland) was then used to stain nuclei at 37°C for 15 min, followed by rinsing with PBS. The cells were mounted within a fluorescence mounting medium (Agilent, Santa Clara, CA, USA) and then visualized using a confocal microscope (FluoView FV1000; Olympus, Tokyo, Japan). The primary antibodies used in this study included antinestin antibody (1:1,000), anti-MAP2 antibody (1:1,000), and anti-GFAP antibody (1:1,000).

2.9. Preparation of protein lysates and Western blot assay {#sec2.9}
----------------------------------------------------------

Protein lysates were generally extracted from cells using a protein extraction buffer (Novagen, Madison, WI, USA) containing protease inhibitor (Calbiochem, San Diego, CA, USA). After 30 min incubation on ice, protein lysates were clarified by centrifugation at 12,000 g, 10 min. Total protein concentration was routinely determined using protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Total proteins (30 μg) per sample were separated by 10% SDS--polyacrylamide gel electrophoresis and then transferred to a polyvinylidene difluoride (Bio-Rad Laboratories) membrane. After blocked with 5% nonfat milk for 1 h, specific primary antibodies were incubated overnight at 4°C, and then secondary antibodies were further incubated for 1 h. Equal protein sample were verified by β-actin. Chemiluminescent detection was performed using a chemiluminescence detection kit (AbFrontier, South Korea) by the ChemiDoc Touch imaging system (Bio-Rad Laboratories). The primary antibodies used in this study including antinestin antibody (1:1,000), anti-MAP2 antibody (1:1,000), anti-GFAP antibody (1:1,000), anti--p-GSK-3β(Ser9) antibody (1:1,000), anti--GSK-3β antibody (1:1,000), anti--non-p-β-catenin (active) antibody (1:1,000), anti--β-catenin antibody (1:1,000), and anti--β-actin antibody (1:5,000).

2.10. Molecular simulation of interaction between PPD and GSK-3β {#sec2.10}
----------------------------------------------------------------

Molecular docking was performed to analyzed the mechanism of the binding that occurs between GSK-3β (Protein Data Bank ID (PDB ID): [4ACC](pdb:4ACC){#intref0010}) and PPD (CID71620663) by Autodock Vina (Scripps Research Institute, La Jolla, CA, USA) [@bib16]. To perform molecular docking, the GSK-3β protein structure had to be prepared by removing water molecules and bound ligands. Energy minimization of the protein and ligand were performed by yet another scientific artificial reality application (YASARA). The inhibitor-binding domain of GSK-3β also represented its protein--ligand binding site. The star conformation for the molecular dynamics (MD) simulation using assisted model building with energy refinement (AMBER) 03 forcefield was reckoned to be the optimal conformation performed by YASARA [@bib17]. Then, 0.9% NaCl, the solvent of the receptor--ligand complex, was placed in a dodecahedron box with 5 Å between the box and the solute. The initiation of simulated annealing minimizations was set at 298 K, and velocities were scaled down 0.9 every ten steps with a duration of 5 ps. After energy minimization, Berendsen thermostat was used to control the simulation temperature. Every 100 simulation steps, the nonaxial velocities components were reinitialized. In this study, MD simulations of 100-ns were performed with a time step of 2 fs, and coordinates were written every 10 ps of simulation.

2.11. Constitutively active GSK-3β mediated by adenovirus transfection {#sec2.11}
----------------------------------------------------------------------

The adenovirus of pAdM-FH-GFP-GSK-3β(S9A) (Ad-GSK-3β(S9A) for short, 1.2 × 10^11^ viral particles per milliliter) expressing the constitutively active mutant of GSK-3β (GSK-3β(S9A), with the 9th serine switched to alanine) and control adenovirus vector (Ad-Ctr, 1.0 × 10^10^ viral particles per milliliter) were obtained from Vigene Bioscience (Rockville, MD, USA). Single NSC was seeded onto a poly-D-lysine--coated 6-well plate at 2 × 10^5^ cells/well and then transfected with Ad-GSK-3β(S9A) with multiplicity of infection of 40 with 6 μg/ml polybrene (Sigma-Aldrich) for 12 h, then the fresh medium was exchanged. Ad-Ctr was applied as a control. Transfected cells were further cultured for at least 48 h and then further experiments were performed. Activation of GSK-3β in infected cells was confirmed by Western blot, and the induction of PPD on NSCs with constitutively active GSK-3β was further determined.

2.12. Statistical analysis {#sec2.12}
--------------------------

The data were expressed as the means ± standard deviation (SD). The statistical analysis of different groups was performed using one-way analysis of variance. Statistical significance was defined as *p* \< 0.05. The data management was performed using GraphPad Prism software (version 6.0).

3. Results {#sec3}
==========

3.1. Purification and identification of NSCs {#sec3.1}
--------------------------------------------

The cells isolated from the SVZ of postnatal day 1 to 2 rats started to form neurospheres after 7 days culturing, and the diameter of neurospheres was increased incrementally over time, defined as passage 1. The neurospheres and dissociated single cells, used in this study, were subcultured and purified from passage 1. The result of immunofluorescent staining showed that the neurospheres and over 90% dissociated single cells were nestin positive ([Fig. 1](#fig1){ref-type="fig"}A). After further cultured for 7 days in a culture medium without GFs, MAP2 positive (neurons) and GFAP positive (astrocytes) were detected ([Fig. 1](#fig1){ref-type="fig"}B), indicating the multipotency of the primary cultured NSCs.Fig. 1NSC identification and PPD increases NSC migration. (A, B) Primary NSCs were identified by immunofluorescent staining. (A) Schematic diagram indicated the SVZ sampling location (highlighted in yellow). The neurosphere and signal cells subcultured from passage 1 were stained with nestin. Scale bars: 100 μm. (B) After further 7 days of culturing, MAP2-positive and GFAP-positive cells were detected. Scale bars: 50 μm. (C--E) The migration of NSCs was monitored by neurosphere assay after treated with several concentration of PPD for 24h. (C) Image showing the migration distance from the neurosphere, indicated by red arrows. Scale bars: 100 μm. (D) Confocal image visualizing cell migration with the specific markers nestin (green) and MAP2 (red). Scale bars: 100 μm. (E) The migration distance was dose-dependently increased by PPD. Data represent the means ± SD. \*\**p* \< 0.01, compared with the Ctr group; ^aa^*p* \< 0.01, compared with the 10 μM PPD group; ^bb^*p* \< 0.01, compared with the 20 μM PPD group. PPD, 20(S)-protopanaxadiol; NSC, neural stem cell; SVZ, subventricular zone; MAP2, microtubule-associated protein 2; GFAP, glial fibrillary acidic protein; Ctr, control; SD, standard deviation.Fig. 1

3.2. PPD increased NSC migration {#sec3.2}
--------------------------------

After various PPDs at various concentrations (10 μM, 20 μM, 40 μM) was added to the medium, cell migration distance was analyzed. As shown in [Fig. 1](#fig1){ref-type="fig"}C, the cells emerged from the edge of neurospheres and migrated along the radial axis. Furthermore, immunofluorescence analysis demonstrated that nestin-positive cells, most of which were also MAP2 positive, were observed in the cell population derived from the neurospheres ([Fig. 1](#fig1){ref-type="fig"}D). The migration distance of NSCs was significantly increased with increasing concentration of PPD ([Fig. 1](#fig1){ref-type="fig"}E).

3.3. PPD promoted NSC proliferation {#sec3.3}
-----------------------------------

To investigate the proliferation of NSCs induced by PPD, CCK-8, EdU, and neurosphere assays were performed. The CCK-8 assay ([Fig. 2](#fig2){ref-type="fig"}A) revealed that the absorbance was slightly but nonsignificantly higher in the PPD-treated group than that in the control group on day 2. After 3 days of treatment, PPD significantly increased cell viability dose-dependently. Specifically, the cell viability in the groups treated with 20 μM and 40 μM PPD was significantly higher than that in the group treated with 10 μM PPD. The proliferation was further measured by the EdU assay. After induction of 3 days, 20 μM and 40 μM PPD significantly increased the percentage of EdU-positive cells compared with the control group ([Fig. 2](#fig2){ref-type="fig"}B and C). On the other hand, the neurosphere assay showed that PPD dose-dependently increased the number and the size of neurospheres derived from NSCs ([Fig. 2](#fig2){ref-type="fig"}D--F) as observed under a microscope. These results indicated that PPD can significantly promote the proliferation and self-renewal of NSC *in vitro*.Fig. 2PPD promotes the proliferation of NSCs. The proliferation of NSCs mediated by PPD was determined by CCK-8 assay (A), EdU assay (B, C), and neurosphere assay (D--F). (A) NSCs were treated with different concentrations of PPD (10 μM, 20 μM, 40 μM) for 1, 2, or 3 days, and cell viability was determined by CCK-8 assay. (B--C) The EdU assay was performed to reveal NSC proliferation after induced by PPD for 3 days. (B) The immunofluorescent staining of EdU-positive cells (EdU: staining in red; Hoechst 33342: staining in blue). Scale bars: 100 μm. (C) The percentage of EdU-positive cells was significantly increased. After treatment with PPD for 3 days, cell viability was significantly enhanced. The number and diameter of neurospheres (diameter \> 30 μm) was determined after treatment with PPD for 3 days, and the results are shown in D--F. (D) The image showing neurospheres induced by PPD. Scale bars: 100 μm. (E) The number of neurospheres was significantly increased by PPD in a dose-dependent manner. (F) The diameter of neurospheres was significantly and dose-dependently increased by PPD. Data represent the means ± SD. \**p* \< 0.05 and \*\**p* \< 0.01, compared with the Ctr group; ^aa^*p* \< 0.01, compared with the 10 μM PPD group. PPD, 20(S)-protopanaxadiol; NSC, neural stem cell; CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2′-deoxyuridine; Ctr, control; SD, standard deviation.Fig. 2

3.4. PPD promoted NSC neural differentiation {#sec3.4}
--------------------------------------------

NSCs show the potential to differentiate into multiple cell types, primarily neurons and astrocytes. To determine whether PPD could induce NSC differentiation, three types of neural markers were examined: nestin (NSC marker), MAP2 (neuron marker), and GFAP (astrocyte marker). As shown in [Fig. 3](#fig3){ref-type="fig"}A, PPD significantly reduced the level of nestin but increased that of MAP2, a dendrite-specific protein in neurons, in a dose-dependent manner. However, PPD at 20 μM and 40 μM showed a tendency to reduce the expression of GFAP. These results showed that PPD can efficiently promote the neural differentiation and suppress astrocyte differentiation of NSCs with an increasing concentration and were confirmed with immunofluorescent staining. PPD reduced the proportion of the number of nestin-positive cells and increased the number of MAP2-positive cells in a dose-dependent manner, whereas decreasing that of GFAP-positive cells ([Fig. 3](#fig3){ref-type="fig"}B).Fig. 3PPD selectively induces neural differentiation of NSCs. After NSCs were incubated with different concentrations of PPD for 7 days, PPD significantly promoted NSC differentiation into neurons in a dose-dependent manner monitored by Western blot analysis (A) and immunofluorescent staining (B). (A) PPD (10, 20, 40 μM) significantly downregulated the expression of nestin and upregulated the expression of MAP2, whereas the expression of GFAP showed a downward but nonsignificant trend. (B) The proportion of nestin-positive cells was significantly decreased and the proportion of MAP2-positive cells was increased by PPD treatment (10 μM, 20 μM, 40 μM). Scale bars: 100 μm. Data represent the means ± SD. \*\**p* \< 0.01, compared with the Ctr group; ^a^*p* \< 0.05 and ^aa^*p* \< 0.01, compared with the 10 μM PPD group; ^bb^*p* \< 0.01, compared with the 20 μM PPD group. PPD, 20(S)-protopanaxadiol; NSC, neural stem cell; MAP2, microtubule-associated protein 2; GFAP, glial fibrillary acidic protein; Ctr, control; SD, standard deviation.Fig. 3

3.5. PPD directly targeted GSK-3β {#sec3.5}
---------------------------------

Molecular docking analysis was performed to explore the interaction between PPD and GSK-3β. The GSK-3β--PPD complex indicated good binding ability with the binding energy −8.874 kcal/mol. As shown in [Fig. 4](#fig4){ref-type="fig"}A, based on the binding conformation of the GSK-3β--PPD complex, a hydrogen bond with a distance of 2.1 Å was found to be formed between GLN-185 of GSK-3β and PPD. PPD was also observed to interact with VAL-135, LEU-188, TYR-134, ILE-62, GLY-63, ASN-64, and SER-66 of GSK-3β *via* van der Waals force. The best conformation of GSK-3β--PPD was analyzed by YASARA to further verify the molecular docking results. Both the heavy atoms root-mean-square deviation track of GSK-3β ([Fig. 4](#fig4){ref-type="fig"}B, red line) mildly fluctuated approximately 2 Å during 0--100 ns, and the root-mean-square deviation track of PPD ([Fig. 4](#fig4){ref-type="fig"}B, blue line) fluctuated approximately 0.9 Å during MD simulation. In addition, the surface visualization models of the GSK-3β--PPD complex showed that PPD remained stable at the center of the GSK-3β binding site until the end of the 100 ns simulation ([Fig. 4](#fig4){ref-type="fig"}C). The molecular docking findings suggested that the binding between GSK-3β and PPD was incredibly stable, strongly indicating that PPD might directly target GSK-3β.Fig. 4Molecular docking and MD simulation of PPD and GSK-3β. (A) Three-dimensional crystal structure of the complex of PPD (CID71620663) within GSK-3β (PDB ID: [4ACC](pdb:4ACC){#intref0020}). (B) The RMSD of heavy atoms of the protein (GSK-3β, shown in red) and docking ligand (PPD, shown in blue) versus MD simulation time. (C) The crystal structure of the GSK-3β-PPD complex at 0 and 100 ns. PPD, 20(S)-protopanaxadiol; GSK-3β, glycogen synthase kinase-3β; MD, molecular dynamics; PDB, Protein Data Bank; RMSD, root-mean-square deviation.Fig. 4

3.6. PPD-mediated NSC induction based on the activation of Wnt/GSK-3β/β-catenin pathway {#sec3.6}
---------------------------------------------------------------------------------------

The Wnt/GSK-3β/β-catenin pathway plays a crucial role in regulating the proliferation and differentiation of NSC [@bib8]. GSK-3β is a crucial enzyme in the negative regulation of the pathway and can be inactivated by phosphorylation at Ser9 \[p-GSK-3β(Ser9)\] [@bib18]. Inactivation of GSK-3β causes the accumulation of active β-catenin in the cytoplasm, leading to activation of the Wnt/GSK-3β/β-catenin pathway to promote NSC proliferation and differentiation [@bib19]. As shown in [Fig. 5](#fig5){ref-type="fig"}A, PPD can significantly and dose-dependently increase the p-GSK-3β(Ser9)/GSK-3β and β-catenin (active)/β-catenin expression ratio. These results indicated that NSC proliferation and differentiation induced by PPD may depend on the inhibition of GSK-3β activity and consequently stimulated the Wnt/GSK-3β/β-catenin pathway.Fig. 5PPD-mediated NSC induction depends on the activation of the Wnt/GSK-3β/β-catenin signaling pathway. (A) Western blot analyses and relative optical density of diverse crucial markers in the Wnt/GSK-3β/β-catenin pathway in NSCs treated with PPD for 7 days. PPD significantly increased the p-GSK-3β(Ser9)/GSK-3β and β-catenin (active)/β-catenin ratios. \**p* \< 0.05 and \*\**p* \< 0.01, compared with the Ctr group; ^a^*p* \< 0.05 and ^aa^*p* \< 0.01, compared with the 10 μM PPD group; ^bb^*p* \< 0.01, compared with the 20 μM PPD group. (B) NSCs with constitutively active GSK-3β were successfully established by GSK-3β(S9A) adenovirus transfection confirmed by Western blot analyses in NSCs 2 days after transfection. \*\**p* \< 0.01, compared with the Ad-Ctr group. Control or GSK-3β(S9A) adenovirus were transfected into NSCs. Forty-eight hours after transfection, cells were treated with 20 μM PPD for further proliferation and differentiation assays. (C) Expression of the constitutively active GSK-3β in NSCs significantly decreased the cell viability induced by PPD as shown by CCK-8 assay. (D) Expression of the constitutively active GSK-3β in NSCs significantly restrained the proliferation induced by PPD as shown by EdU assay. (E) Expression of the constitutively active GSK-3β in NSCs significantly suppressed the PPD-mediated neural differentiation, determined by Western blot analyses of a variety of differentiation markers, including nestin, MAP2, and GFAP. \**p* \< 0.05 and \*\**p* \< 0.01, compared with the Ad-Ctr + PPD (20 μM) group. Data represent the means ± SD. PPD, 20(S)-protopanaxadiol; NSC, neural stem cell; GSK-3β, glycogen synthase kinase-3β; Ctr, control; Ad, adenovirus; MAP2, microtubule-associated protein 2; GFAP, glial fibrillary acidic protein; CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2′-deoxyuridine; SD, standard deviation.Fig. 5

To further confirm the possible mechanism by which PPD mediates NSC proliferation and differentiation, the constitutively active S9A GSK-3β mutant using Ad-GSK-3β(S9A) transfection was performed to inhibit Wnt/GSK-3β/β-catenin pathway. Transduction efficacy was confirmed by detecting the expression of p-GSK-3β(Ser9), as shown in [Fig. 5](#fig5){ref-type="fig"}B; the p-GSK-3β(Ser9)/GSK-3β expression ratio in the GSK-3β(S9A) siRNA group was significantly decreased to approximately 30% of that in the control siRNA group, consequently resulting in the β-catenin (active)/β-catenin ratio marked reduced, indicating that Wnt/GSK-3β/β-catenin pathway activation was inhibited by GSK-3β(S9A) adenovirus transfection. As expected, both cell viability ([Fig. 5](#fig5){ref-type="fig"}C) and the percentage of EdU-positive cells ([Fig. 5](#fig5){ref-type="fig"}D) were significantly lower in PPD-treated NSCs^GSK−3β(S9A)^ than in PPD-treated cells transfected with the control vector. Furthermore, PPD-mediated nestin expression was significantly higher, whereas MAP2 expression was lower ([Fig. 5](#fig5){ref-type="fig"}E) in NSCs expressing GSK-3β(S9A). Therefore, overexpression of GSK-3β(S9A), a constitutively active mutant, significantly attenuated PPD-triggered NSC proliferation and differentiation. All of these results suggested that the Wnt/GSK-3β/β-catenin pathway is critical in PPD-mediated NSC proliferation and differentiation.

4. Discussion {#sec4}
=============

Neurodegenerative diseases, of which AD has been confirmed to the most common in the world, are considered to be one of the primary threats to human health and include chronic diseases characterized by the gradual loss of neuronal function and/or structure. According to the World Alzheimer\'s Disease Report by the World Health Organization, there were approximately 50 million patients with AD in 2017 in the world, and the global number of AD patients will increase to more than 70 million in 2030 [@bib20]. However, the current pharmacotherapy for AD can only alleviate the symptoms of the diseases but cannot provide a permanent cure. In addition, many chemical drugs can cause severe side effects and do not efficiently cross the BBB [@bib21].

The main pathogenesis of neurodegenerative diseases is neuronal cell death in the brain; therefore, neuron replacement might be the most promising method to ultimately cure neurodegenerative diseases. In the present research, we found that PPD was able to promote NSC proliferation and cell migration, which can help NSCs migrate to distant pathological areas [@bib22]. PPD also induced neural differentiation and suppressed the NSC differentiation into astrocytes in a dose-dependent manner. Interestingly, immunofluorescent staining showed many MAP2 and nestin double-stained cells, indicating that some neurons derived from NSC were in the process of maturation [@bib23]. The Wnt/GSK-3β/β-catenin pathway plays a crucial role in stem cell behavior and survival. Inhibition of GSK-3β activity can dramatically affect the proliferation and neural differentiation of NSC [@bib24].

To verify the role of GSK-3β in PPD-mediated NSC induction, molecular docking, and MD simulation was performed to test the ability of PPD binding to GSK-3β directly. The binding energy of the PPD--GSK-3β complex suggested a strong and stable binding between PPD and GSK-3β. A hydrogen bond was formed between GLN-185 of GSK-3β and PPD. Several direct GSK-3β inhibitors have hydrogen bond that interact with GLN-185 [@bib25], [@bib26]. Specifically, PPD interacted with GSK-3β at VAL-135, LEU-188, TYR-134, ILE-62, GLY-63, ASN-64, and SER-66 via van der Waals force, which are the crucial residues in the agonist-binding domain of GSK-3β [@bib27]. In addition, MD stimulation demonstrated that the PPD-GSK-3β--binding conformation was stable. The molecular docking and MD simulation results indicated that PPD directly targets GSK-3β, potentially acting as a GSK-3β inhibitor, which was further confirmed by Western blot analysis. In the present study, we confirmed that PPD significantly suppressed the activity of GSK-3β via up-regulation of phosphorylation at Ser9 and showing that the PPD-mediated proliferation and differentiation were significantly suppressed in NSCs expressing constitutively activate GSK-3β. These results strongly indicated that the induction of NSCs mediated by PPD was due to the inactivation of GSK-3β leading to activation of the Wnt/GSK-3β/β-catenin pathway.

Recently, NSC replacement therapies have been quickly developed as promising treatment strategies for neurodegenerative diseases and other incurable diseases. As the source of NSCs is limited, *in vitro* induction is required for NSC proliferation and differentiation into functional neurons. However, in natural conditions, NSCs have limited proliferation and differentiation abilities and need to be induced by GFs [@bib28]. Unfortunately, GFs may cause a protentional risk of carcinogenicity *in vivo* after transplantation in cell replacement therapy [@bib29], [@bib30]. PPD could be used for the efficient and safe induction of NSC proliferation and differentiation as an alternative of GFs. Furthermore, PPD has shown the ability to penetrate the BBB, suggesting that its oral administration for the treatment of AD may be able to repair damaged neurons.

In conclusion, we have revealed that PPD mediates NSC migration, proliferation, and differentiation based on the stimulation of Wnt/GSK-3β/β-catenin pathway. Importantly, the findings may help provide potential novel treatment strategies for AD and other neurodegenerative diseases through neuron repair, and PPD may be used in *in vitro* GF-free culture to induce NSC proliferation and differentiation to minimize potential biorisk.
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